ABSTRACT Background: Coffee intake may be inversely associated with colorectal cancer; however, previous studies have been inconsistent. Serum coffee metabolites are integrated exposure measures that may clarify associations with cancer and elucidate underlying mechanisms. Objectives: Our aims were 2-fold as follows: 1) to identify serum metabolites associated with coffee intake and 2) to examine these metabolites in relation to colorectal cancer. Design: In a nested case-control study of 251 colorectal cancer cases and 247 matched control subjects from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial, we conducted untargeted metabolomics analyses of baseline serum by using ultrahigh-performance liquid-phase chromatography-tandem mass spectrometry and gas chromatography-mass spectrometry. Usual coffee intake was self-reported in a food-frequency questionnaire. We used partial Pearson correlations and linear regression to identify serum metabolites associated with coffee intake and conditional logistic regression to evaluate associations between coffee metabolites and colorectal cancer. Results: After Bonferroni correction for multiple comparisons (P = 0.05 O 657 metabolites), 29 serum metabolites were positively correlated with coffee intake (partial correlation coefficients: 0.18-0.61; P , 7.61 3 10 25 ); serum metabolites most highly correlated with coffee intake (partial correlation coefficients .0.40) included trigonelline (N#-methylnicotinate), quinate, and 7 unknown metabolites. Of 29 serum metabolites, 8 metabolites were directly related to caffeine metabolism, and 3 of these metabolites, theophylline (OR for 90th compared with 10th percentiles: 0.44; 95% CI: 0.25, 0.79; P-linear trend = 0.006), caffeine (OR for 90th compared with 10th percentiles: 0.56; 95% CI: 0.35, 0.89; P-linear trend = 0.015), and paraxanthine (OR for 90th compared with 10th percentiles: 0.58; 95% CI: 0.36, 0.94; P-linear trend = 0.027), were inversely associated with colorectal cancer. Conclusions: Serum metabolites can distinguish coffee drinkers from nondrinkers; some caffeine-related metabolites were inversely associated with colorectal cancer and should be studied further to clarify the role of coffee in the cause of colorectal cancer. The Prostate, Lung, Colorectal, and Ovarian trial was registered at clinicaltrials.gov as NCT00002540.
INTRODUCTION
Coffee is widely consumed globally and is a rich source of bioactive compounds that may favorably affect cancer risk; these compounds include polyphenols (e.g., chlorogenic acids), diterpenes (e.g., cafestol), and caffeine (1) (2) (3) . Coffee intake has been inversely associated with all-cause mortality (4-6), cause-specific mortality because of heart disease, respiratory disease, stroke, and diabetes (7), Parkinson's disease (8) , and cancers of the endometrium (9, 10), liver (11, 12) , skin (13, 14) , and colon (15) .
Colorectal cancer is the fourth most commonly diagnosed cancer and the second leading cause of cancer mortality in the United States (16) . A recent study from the large NIH-AARP Diet and Health cohort reported lower risk of colon cancer, particularly of proximal tumors, in coffee consumers (15) . Moreover, previous meta-analyses of case-control and cohort studies supported an inverse association between coffee drinking and colorectal cancer (17) (18) (19) . However, a pooled analysis of 13 prospective studies reported no association between coffee intake and colon cancer (20) . The measurement error associated with self-report as well as differences in coffee composition that are due to the bean type, roast, and preparation method may in part account for these inconsistent findings. In addition, individual differences in the metabolism of coffee that are due to genetic (21, 22) or microbiomic (23) variation may affect the bioavailability of key metabolites that play a role in the cause of disease. Metabolomics, which is the study of metabolite dynamics, is an innovative strategy for studying diet and human health because it potentially measures an intermediate phenotype that integrates intake, genotype, gut microbial metabolism, and other host factors and may elucidate underlying biological mechanisms of disease (24) .
Previously, a case-control study nested within the Prostate, Lung, Colorectal, and Ovarian (PLCO) 6 Cancer Screening Trial (clinicaltrials.gov; NCT00002540) was used to explore the cross-sectional associations of serum metabolites with usual dietary intake (25) and, later, to agnostically investigate metabolites prospectively associated with risk of colorectal cancer (26) . The current analysis was based on the same nested casecontrol study, but it was hypothesis-driven and focused on metabolites specifically associated with self-reported habitual coffee intake. Metabolites associated with coffee were examined in relation to colorectal cancer. Furthermore, this analysis expands on the scope of the previously reported diet and metabolite analysis by including metabolites of unknown identity.
METHODS

PLCO Cancer Screening Trial
The PLCO Cancer Screening Trial is a multicenter randomized screening trial of prostate, lung, colorectal, and ovarian cancers (27, 28) . More than 155,000 participants in the United States aged 55-74 y with no history of the 4 named cancers were randomly assigned from 1993 to 2001 to a screening or control arm. The current investigation was restricted to individuals in the screening arm of the trial (n = 77,445).
At baseline, participants in the screening arm were offered a flexible sigmoidoscopy to screen for colorectal cancer in the distal colorectum; 83% of participants (n = 64,658) in the screening arm underwent the procedure, and 89% of these procedures (n = 57,559) were considered successful (insertion to $50 cm with .90% of mucosa visible or a suspect lesion identified). Participants with identified neoplastic lesions were referred to their health care provider for a colonoscopy. All participants in the screening arm underwent a follow-up flexible sigmoidoscopy either 3 or 5 y after baseline. The study was approved by the Institutional Review Board at the National Cancer Institute and the 10 study centers; all participants provided written informed consent.
Study sample
Eligible participants completed baseline dietary and risk factor questionnaires, consented for biospecimen use, and were free of colorectal cancer at baseline (n = 52,705). We excluded participants with a self-reported personal history of cancer (except basal cell skin cancer) (n = 4924), ,6 mo of follow-up (an additional 168 individuals), a rare cancer during follow-up (an additional 1074 individuals), self-reported colon disease (Crohn disease, ulcerative colitis, familial polyposis, Gardner syndrome, or colorectal polyps; an additional 6429 individuals), and participants who did not have a baseline serum sample available (an additional 2866 individuals); some participants met more than one of the exclusion criteria.
Case ascertainment
Incident colorectal cancer cases were identified through February 2011 by self-reported annual health questionnaires and linkage to the National Death Index and histologically confirmed through a medical record review. Cases included individuals with a first primary incident colorectal adenocarcinoma [International Classification of Diseases for Oncology (29) , ICD-O-3 codes: C180-189, C199, C209, and C260, excluding morphologies 8240-8249] identified $6 mo after baseline. Control subjects (n = 254) were free from any cancer at the time matched cases were diagnosed and incidence-density matched to cases for age (5-y intervals), year of randomization, season of blood draw, sex, and race. For this analysis, we further excluded cases or controls with missing information on baseline coffee intake (n = 7) or BMI (in kg/m 2 ; n = 4). Our final analytic sample (n = 498) included 251 cases and 247 controls.
Exposure assessment
At baseline, participants completed a risk-factor questionnaire and 137-item food-frequency questionnaire (FFQ) that was based on 2 previously validated FFQs (30, 31) and queried about the usual portion size and frequency of food and beverage consumption, including total coffee intake, over the past year; the baseline FFQ did not differentiate between caffeinated and decaffeinated coffee. In coffee drinkers, the frequency of intake (,1 time/mo to $6 times/d) was multiplied by a gram amount, which was dependent on the sex of the subject and response to the serving size (small, medium, or large cup); gram amounts came from the USDA's 1994-1996 Continuing Survey of Food Intakes by Individuals database (32) . Grams of coffee were converted to the number of medium (i.e., 12 oz) cups per day.
Type of coffee intake, caffeinated or decaffeinated, was measured by the National Cancer Institute Diet History Questionnaire (DHQ), which was administered in December 1998 w3 y after baseline (range: 2-9 y) (33) . Consequently, all analyses, except the secondary analysis that considered coffee type, defined coffee intake as measured at baseline by using an FFQ.
Metabolite assessment
Baseline serum samples were nonfasting, and the time of blood draw ranged from 0700 to 1600, with w45% and w82% of blood draws occurring before 1000 and 1300, respectively. An untargeted metabolomic profiling analysis was performed on a baseline serum sample from each individual by Metabolon Inc. as previously described (34) (35) (36) . In brief, serum samples, which had been stored at 2708C and not previously thawed, were subjected to an untargeted single methanol extraction followed by protein precipitation (37) . Metabolites were detected by using ultrahigh-performance liquidphase chromatography-tandem mass spectrometry and gas chromatography-mass spectrometry and identified by comparison to chemical reference libraries. Mass spectral peaks, retention times, and m/z were used to determine the relative quantities of each metabolite.
Each batch was run in a single day and contained #30 samples including blinded quality-control samples of pooled serum at a level of 10%. Matched cases and controls were arranged consecutively within a batch; the order of cases compared with controls was counterbalanced within each batch. Every sixth sample, Metabolon Inc. inserted a standard for quality-control purposes.
We normalized metabolites within each batch by dividing an individual's metabolite value by the batch mean of all nonmissing values for a given metabolite; batch-normalized metabolites were ln transformed [i.e., ln(metabolite)]. Metabolite values below the lower limit of detection (LLOD) were assigned the minimum of all observed values.
Statistical analyses
Our first objective was to measure associations between selfreported coffee consumption and metabolites. We considered baseline coffee consumption as both a categorical variable and continuous variable. For the categorical variable, we divided individuals into groups of no, low, and high coffee intakes by using the median intake in consumers to differentiate low and high groups. For the continuous variable, we considered ln(coffee intake + c), where c is a constant defined to be one-third of the minimum reported intake.
We modeled associations between coffee and metabolites by using linear regression models adjusted for sex, tobacco smoking status (current, former, or never smokers of any cigarettes, pipes, or cigars), age (continuous), and current BMI (continuous). The threshold for statistical significance was set on the basis of Bonferroni correction for the number of detected metabolites at P = 0.05 (0.05 O 657 metabolites); metabolites with linear regression P values below this limit were considered candidate coffee biomarkers. We examined partial Pearson correlations between ln(coffee) and ln(metabolite) for each candidate coffee biomarker with adjustments for sex, smoking, age, and BMI. To allow for the examination of trends in relative metabolite levels across increasing categories of coffee intake, we rank ordered the 498 subjects by metabolite level for each candidate coffee biomarker and calculated percentiles by dividing each ranking by the total number of values (e.g., the 249th of 498th ranked metabolite values corresponded to the 50th percentile). We calculated the mean percentile of a given metabolite distribution within each coffee intake category. We also created a metabolite heat map with the R program (version 2.15.2) using hierarchical clustering (R Foundation for Statistical Computing) to illustrate correlations between metabolites that were statistically significantly associated with coffee.
Because smoking is strongly correlated with coffee drinking and may affect coffee metabolism, we examined the partial Pearson correlations between ln(metabolite) and ln(coffee), stratified by smoking status (current, former, or never). In addition, the time of day that nonfasting blood samples were collected may affect correlations between self-reported coffee intake and metabolites; therefore, we examined partial Pearson correlations between ln (metabolite) and ln(coffee) stratified by the time of blood draw (0700 until 1000, 1000 until 1300, or 1300 until 1600).
In secondary analyses, we examined partial Pearson correlations between ln(metabolite) and ln(coffee) for caffeinated coffee only, decaffeinated coffee only, and mixed (a combination of caffeinated and decaffeinated) as measured by the DHQ administered during follow-up. An additional 20 individuals who were missing data on coffee intake on the DHQ were excluded from these analyses, which left 478 individuals. The 3 coffeeconsumption categories (caffeinated only, decaffeinated only, and mixed) were mutually exclusive; subjects who consumed no coffee (n = 72) were included in all 3 analyses.
Our second objective was to evaluate associations between the candidate coffee biomarkers, identified herein, and colorectal cancer. We used conditional logistic regression models adjusted for smoking status, age, and BMI to estimate ORs and 95% CIs for coffee-associated metabolites and colorectal cancer. Additional adjustments for alcohol intake, nutrient-density adjusted red and white meats, dietary fat, and total energy intake (kcal/d) did not appreciably alter regression coefficients in that no regression coefficient changed .3%. For metabolites for which $20% of the sample had undetectable levels, we compared individuals with low (i.e., detectable but equal to or below the median) and high (i.e., above the median) relative metabolite levels to those with undetectable levels. To have an adequately sized reference group, for metabolites for which ,20% of the sample had undetectable levels for a given metabolite, we compared individuals with high levels of the metabolites with those with low or undetectable levels. P-linear trend values were calculated by using the continuous variable ln(metabolite), and continuous estimates were reported as ORs for 90th compared with 10th percentiles. Because of our a priori hypotheses that coffee-associated serum metabolites are inversely associated with colorectal cancer, P , 0.05 was considered significant.
We assessed the technical reliability of our data by using intraclass correlation coefficients for quality-control samples. In addition, the overall reliability and validity of this platform was previously reported (38) . Unless otherwise specified, all analyses were conducted with SAS 9.1.3 software (SAS Institute).
RESULTS
Baseline characteristics of cases and controls are presented in Table 1 . A wide range of coffee intake was reported, with .10% of individuals drinking $6 cups/d. High coffee drinkers ($2.5 cups/d) had median intake of w4.3 cups/d, and the majority of these individuals (79%) were men. Current and former smoking was more prevalent in individuals who consumed larger amounts of coffee, and median alcohol intake was also higher in high coffee drinkers.
We identified a total of 657 unique metabolites in human serum; of these, 428 metabolites were known, whereas 229 metabolites were of unknown identity. After Bonferroni adjustment for multiple testing (P = 0.05 O 657 metabolites), 29 serum metabolites were significantly associated with self-reported coffee intake at P , 7.61 3 10 25 ( Table 2) ; all associations were positive such that individuals with higher coffee intake had higher relative metabolite levels. Metabolites most strongly associated with self-reported coffee drinking, all with partial correlations .0.40, were trigonelline (N#-methylnicotinate), quinate, and 7 metabolites of unknown identity. Eight additional serum metabolites [paraxanthine, N-(2-furoyl) glycine, catechol sulfate, caffeine, 1-methylxanthine, theophylline, and 2 unknown metabolites] were moderately correlated (partial correlations: 0.30-0.38) with self-reported coffee intake. Additional metabolites related to the degradation of caffeine (e.g., 1,3-dimethylurate and 7-methylxanthine), chlorogenic acids (e.g., hippurate), and trigonelline (e.g., nicotinamide) that did not withstand Bonferroni correction did meet nominal significance (P , 0.05) (data not shown).
For 29 metabolites significantly associated with self-reported coffee intake, the percentage of participants who had levels below the LLOD ranged from 1% to 86% (Table 2 ). The mean metabolite-level percentile was lowest in those who reported no coffee consumption and increased with increasing coffee intake; e.g., non-, low, and high coffee drinkers had mean trigonelline (N#-methylnicotinate) levels in the 17th, 44th, and 65th percentiles of the distribution, respectively. Similarly, the percentage of participants with metabolite levels below the LLOD was consistently lowest in high consumers and highest in nonconsumers of coffee (Supplemental Table 1 ).
We also evaluated correlations between each of the 29 metabolites significantly associated with self-reported coffee intake, which are shown as a heat map in Figure 1 . All of the top coffee metabolites were positively correlated with each other; correlations between caffeine, theophylline, paraxanthine, and 1,7-dimethylurate were especially strong (.0.7). In a sensitivity analysis, we calculated the principal components on the basis of the 29 significant metabolites. In a linear model that already included age, sex, smoking status, and BMI, the addition of the first principal component explained an additional 13% of the variation in coffee consumption, which was less than that explained by adding trigonelline only (34%). With the use of the adjusted R 2 as our metric for model fit, the addition of further principal components did not improve the model fit.
Correlations between total coffee intake and metabolites were similar when stratified by smoking status (Supplemental Table 2 ). With few current smokers (n = 52), only the metabolite trigonelline withstood Bonferroni correction for multiple testing; however, all 29 metabolites were nominally significantly associated with coffee intake in these stratified analyses. No consistent pattern was observed when correlations between total coffee intake and metabolites were stratified by time of blood draw (data not shown).
In secondary analyses, we evaluated correlations of caffeinated coffee only (185 individuals), decaffeinated coffee only (110 individuals), and mixed coffee consumption (111 individuals) with serum metabolites (Table 3) ; nondrinkers (72 individuals) were included in each of the 3 stratified analyses. Each of the 29 metabolites identified in Table 2 was also significantly associated (P , 7.61 3 10
25
) with caffeinated-only coffee intake, with the exception of theobromine, which neared significance (P = 9.13 3 10
). Mixed coffee and decaffeinated coffee intakes were significantly associated with 22 and 13, respectively, of the 29 metabolites associated with total coffee; significantly associated metabolites for mixed and decaffeinated coffee included trigonelline and quinate, which are not caffeine metabolites. Decaffeinated coffee was not associated with caffeine-related metabolites (e.g., paraxanthine), and metabolite correlations were weaker for decaffeinated coffee than for caffeinated only or mixed coffee intake. A narrower range of intake in the amount of coffee consumed by decaffeinated compared with caffeinated coffee drinkers may have 1 Coffee intake was assessed by using a food-frequency questionnaire at baseline and measured in grams of total coffee per day (includes caffeinated and decaffeinated); percentages may not add to 100 because of missing data or rounding. Differences between coffee-intake groups were assessed by using ANOVA and chi-square tests for continuous and categorical variables, respectively. PLCO, Prostate, Lung, Colorectal, and Ovarian. 2 Mean 6 SD (all such values). 3 One participant had missing information on education. 4 Self-reported smoking of any tobacco (cigarettes, pipes, or cigars). 5 Median; range in parentheses (all such values).
partially accounted for the weaker correlations between selfreported decaffeinated coffee intake and metabolites; median intakes (ranges) reported were 1.1 cups/d (,0.1-7.5 cups/d) and 3.6 cups/d (,0.1-10.1 cups/d), respectively. Next, we investigated associations between the 29 coffeeassociated serum metabolites identified herein and colorectal cancer. For metabolites for which ,20% of the sample had undetectable levels for a given metabolite, we compared individuals with high levels of the metabolite with those with low or undetectable levels ( Table 4) of the sample had undetectable levels, we compared individuals with low (i.e., detectable levels but below the median) and high (i.e., above the median) metabolite levels to those with undetectable levels ( Table 5) ; no significant associations were observed in this set of metabolites. Similarly, the modest inverse association between self-reported coffee intake (OR for high compared with no consumption: 0.85; 95% CI: 0.43, 1.72; OR for low compared with no consumption: 0.90; 95% CI: 0.46, 1.74; P-linear trend = 0.453) was NS.
DISCUSSION
We identified 29 serum metabolites associated with selfreported usual coffee intake in free-living US adults. Of these metabolites, theophylline, caffeine, and paraxanthine were inversely associated with colorectal cancer. In contrast and as Only significant associations from the linear regression of ln(metabolite) on ln(coffee) are shown; self-reported coffee intake was reported at baseline on the baseline food-frequency questionnaire; metabolites with the prefix X_ are of unknown identity. Partial correlations were determined between ln(metabolite) and ln(coffee) adjusted for sex, tobacco smoking status (current, former, and never), age (continuous), and BMI (continuous). P values are from the linear regression of ln(metabolite) on ln(coffee) adjusted for sex, tobacco smoking status (current, former, and never), age (continuous), and BMI (continuous). Bonferroni-corrected level of significance, P , 7.61 3 10 25 . LLOD, lower limit of detection; PLCO, Prostate, Lung, Colorectal, and Ovarian. 2 Average percentile of overall metabolite distribution represented by each category of coffee consumption; the average percentile was calculated by assigning a ranking for each participant for each metabolite of interest and dividing by the total number of individuals to convert the ranking into a percentile; within each category of coffee intake, percentiles were averaged for a given metabolite to calculate an average percentile. None, low, and high coffee intakes were defined as 0, ,2.5, and $2.5 cups/d, respectively. previously reported in this cohort (39) , the association between self-reported coffee intake and colorectal cancer was weakly inverse but NS. Although the self-reported recall of coffee consumption is one of the most accurately assessed aspects of diet by using FFQs (40) , it can misclassify exposure because the actual metabolites to which an individual is exposed may vary considerably as a result of differences in coffee consumption (e.g., bean type, roast, and preparation method) (41-44) and individual metabolism (e.g., genotype and gut microbial composition) (21) (22) (23) . Therefore, coffee biomarkers identified using untargeted metabolomic profiling may more accurately classify the exposure of participants to coffee compounds by serving as an integrated exposure measure (24) .
Few previous studies have used untargeted metabolomic profiling to identify biomarkers of habitual coffee intake (45) . The most comparable study, from Rothwell et al. (45) , compared urine samples of high (n = 20) and low (n = 19) coffee consumers. Eleven of our coffee-associated serum metabolites matched (1-methylxanthine, 1,7-dimethyluate, 1-methylurate, trigonelline, paraxanthine, 3-hydroxyhippurate, and caffeine) or were closely related to [cyclo(ile-pro), dimethylxanthine glucuronide, trimethylurate, and 1,3-or 3,7-dimethylurate] the coffee-associated FIGURE 1 Metabolites with statistically significant coffee-metabolite associations (P , 7.61 3 10 25 ; Bonferroni-corrected threshold, P = 0.05 divided by the total number of metabolites detected) were highly intercorrelated. urinary metabolites identified in this study. In addition, this casecontrol study nested within the PLCO Cancer Screening Trial was previously used to explore the cross-sectional associations of metabolites with usual dietary intake (25); Guertin et al. (25) showed that some of the strongest dietary-metabolite correlates were for coffee; these metabolites included trigonelline, quinate, 1-methylxanthine, paraxanthine, N-2-(furoyl)glycine, and catechol sulfate. In the current analysis, we focused on coffee-related metabolites with the a priori hypothesis that coffee-associated metabolites are inversely related to risk of colorectal cancer. Furthermore, we expanded on previous findings by investigating metabolites of both known and unknown identities.
Of 29 metabolites associated with self-reported coffee intake in our study, all 17 compounds of known identity could be plausibly linked to coffee (Figure 2) . The human metabolism of caffeine, which is naturally present in green coffee beans and largely unaffected by roasting, has been well documented (21, 46, 47) ; caffeine and 7 caffeine metabolites (highlighted in blue in Figure  2 ) were significantly associated with coffee intake in our study. Three metabolites (catechol sulfate, 3-hydroxyhippurate, and 4-vinylphenol sulfate; highlighted in red in Figure 2 ) are related to benzoate metabolism. Benzoate is naturally present in coffee and also a downstream metabolite of chlorogenic acids, which are largely metabolized by microbial enzymes in the lower gastrointestinal tract (23, (48) (49) (50) . Catechol, which is a degradation product of benzoate (46, 51) , is formed from naturally occurring chlorogenic acids during coffee roasting and is conjugated to sulfate in plasma (52) . The related metabolite 3-hydroxhippurate contains a benzoyl group and is a downstream metabolite of 5-Ocaffeoylquinic acid (53) , which is the most abundant chlorogenic Only significant metabolites from the main analysis are shown; the type of coffee intake was self-reported during follow-up on the Dietary Health Questionnaire; individuals with missing types of coffee intake (n = 20) were excluded. Each group of comparisons included n = 47 nondrinkers. Metabolites with the prefix X_ are of unknown identity. Partial correlations were determined between ln(metabolite) and relevant ln(coffee) (grams per day of caffeinated, decaffeinated, or mixed) adjusted for sex, tobacco smoking status (current, former, never), age (continuous), and BMI (continuous). P values are from the linear regression of relevant ln(coffee) (grams per of caffeinated, decaffeinated, or mixed) on ln(metabolite) adjusted for sex, tobacco smoking status (current, former, and never), age (continuous), and BMI (continuous). *Significant associations from the linear regression of ln(metabolite) on ln(coffee). Bonferronicorrected level of significance, P , 7.61 3 10 25 . PLCO, Prostate, Lung, Colorectal, and Ovarian.
acid in coffee (44) . Finally, 4-vinylphenol sulfate is the sulfatebound form of a vinyl derivative of the coffee constituent 4-hydroxycinnamic acid (i.e., p-coumarate) that is produced by some lactic acid bacteria (i.e., Lactobacillus) (54, 55). Whether 4-vinylphenol is formed endogenously from p-coumarate or in coffee beans and then ingested is unclear. Metabolites highlighted in yellow and gray in Figure 2 are compounds or metabolites of compounds that occur naturally in green coffee beans or are produced by roasting. Quinate (highlighted in yellow in Figure 2 ) may be ingested or formed from 5-O-caffeoylquinic acid by gut bacteria (23, 48, 53) . Similarly, 3-(3-hydroxyphenyl) propionate (highlighted in orange in Figure  2 ) is likely formed from 5-O-caffeoylquinic acid by gut bacteria (23, 48, 53) . Cinnamoylglycine is the glycine conjugate of cinnamic acid; it is unknown whether cinnamoylglycine is formed endogenously from plant cinnamate or excreted in its ingested form (56) . The furan-derived precursors of N-(2-furoyl)glycine and cyclo(leu-pro) are probable byproducts of coffee roasting (57, 58) . Trigonelline is an alkaloid in green coffee beans that is degraded to some extent during roasting to produce niacin (i.e., vitamin B-3) (59), which has been shown to suppress colonic inflammation and carcinogenesis in mice (60) .
Caffeine, which is metabolized in the liver by the cytochrome P450 oxidase enzyme system into theophylline and paraxanthine (21, 47) , may directly reduce colorectal cancer risk. For example, studies showed that caffeinated coffee stimulates colonic motor activity to a greater extent than does decaffeinated coffee (61), caffeine inhibits colon cancer cell growth (62) , and theophylline induces apoptosis in cancer cell lines (63) . Alternatively, caffeine and theophylline may more closely approximate exposure to bioactive compounds in coffee that are involved in the cause of colorectal cancer. For example, of the 2 predominantly consumed coffee species Coffea canephora (i.e., robusta) and Coffea arabica (i.e., arabica), the former has a higher concentration of caffeine, caffeic acid, and soluble fiber than the latter (44) . Caffeic acid, which has been shown to high antioxidant capacity in cells peaks in human plasma within 1 h of coffee consumption and is mainly current in glucuronate-and sulfate-bound forms (65) . Consequently, future metabolomics studies of coffee intake and colorectal cancer should consider other biofluids including urine (66) and feces. A third possibility is that serum caffeine and theophylline levels are associated with an extraneous factor that is also associated with decreased risk of colorectal cancer. Finally, we could not discount chance as a possible explanation for our findings. Conditional logistic regression of case/control status on categorized relative level of metabolite; ln(metabolite) was rank ordered into low compared with high categories by the median (varied by metabolite). All models were adjusted for tobacco smoking status (current, former, and never), age, and BMI (continuous). Cases and controls were incidence-density matched to cases on age (5-y intervals), year of randomization, season of blood draw, sex, and race. Metabolites with the prefix X_ are of unknown identity. ORs compared subjects with levels below the median value (none/low) to those with levels above the median (high). To have an adequately sized reference group, in these models, individuals with metabolite levels below the lower limit of detection are included in the reference category of those below the median value; none refers to relative metabolite levels below the lower limit of detection. Metabolites with statistically significant coffee-metabolite associations are shown (P , 7.61 3 10
25
; Bonferroni-corrected threshold, P = 0.05 divided by the total number of metabolites detected). Metabolites are ordered by P-linear trend. P-linear trend values are from a conditional logistic regression of case/control status on ln(metabolite). *Significant associations. PLCO, Prostate, Lung, Colorectal, and Ovarian.
Our study had several limitations. The metabolomic platform we used was more comprehensive than those used by previous epidemiologic studies of coffee metabolites (35, 67) , but many compounds remain unknown. Future work should include the identification of metabolites of unknown identity that were associated with coffee herein and in other studies (45) . In addition, important chemopreventive compounds may be outside the scope of metabolomics (e.g., soluble fiber) or not easily measured in fasting serum because of their relatively short half-lives (e.g., caffeic acid). Because our primary hypothesis was that coffee metabolites are associated with colorectal cancer, we did not consider other potential sources of caffeine. In our analytic Conditional logistic regression of case/control status on categorized relative level of metabolite; ln(metabolite) was rank ordered into low compared with high categories by the median (varied by metabolite). ORs compared subjects with relative metabolite levels below the lower limit of detection (none) to those with detectable relative levels below (low) or above (high) the median relative level. All models were adjusted for tobacco smoking status (current, former, and never), age, and BMI (continuous). Cases and controls were incidence-density matched to cases on age (5-y intervals), year of randomization, season of blood draw, sex, and race. Metabolites with the prefix X_ are of unknown identity. None refers to relative metabolite levels below the lower limit of detection (undetectable). Metabolites with statistically significant coffee-metabolite associations are shown (P , 7.61 3 10 25 ; Bonferroni-corrected threshold, P = 0.05 divided by the total number of metabolites detected). Metabolites are ordered by P-linear trend. P-linear trend values are from a conditional logistic regression of case/control status on ln(metabolite). PLCO, Prostate, Lung, Colorectal, and Ovarian.
sample, serum caffeine was highly correlated with coffee but not with tea, soda, or chocolate; partial Pearson correlations adjusted for age, sex, tobacco-smoking status, and BMI were 0.33 (P = 1.02 3 10 213 ), 0.04 (P = 0.39), 20.01 (P = 0.74), and 20.03 (P = 0.49), respectively. Although coffee was the primary source of caffeine in our sample, future studies may want to explore the association of total caffeine consumption with colorectal cancer. Our study was also limited by characteristics of the study sample, who were primarily (.90%) Caucasian. Consequently, the generalizability of our findings to other groups may be limited. Detailed information on self-reported coffee consumption, including the bean type, roast, and preparation method, was not captured by the available dietary questionnaires. Thus, we were unable to delineate differences in coffee-associated metabolites by differences in coffee beverages beyond caffeine status. Future studies should explore biomarkers of coffee intake FIGURE 2 Proposed relations between the top named coffee-associated metabolites and green/roasted coffee on the basis of searches of the published literature, the Human Metabolome Database, and the Kyoto Encyclopedia of Genes and Genomes. The red arrow denotes that sulfonation catalyzed by a supergene family of enzymes called sulfotransferases and may occur in the cytosol of organs other than the intestine (64) . The relation shown by the dashed arrow has not been observed in humans. *Multiple sources of benzoate related to coffee compounds and metabolites; y origin unclear. AMFU, 5-acetylamino-6-formylamino-3-methyluracil; KEGG, Kyoto Encyclopedia of Genes and Genomes.
by using an untargeted metabolomic approach in conjunction with a more detailed coffee questionnaire. Reverse causality should be considered because individuals with no or low coffee consumption may have altered consumption as a result of early symptoms of disease (e.g., stomach pain); to mitigate the influence of reverse causality, we excluded cases who were diagnosed #6 mo of baseline. In addition, we examined the associations between metabolites and colorectal cancer by the median follow up time; results were similar, albeit generally nonsignificant because of smaller sample sizes, which suggested that reverse causality did not explain our findings. Finally, our study had limited power to detect modest associations of metabolites with colorectal cancer.
In conclusion, we show that an untargeted metabolomic approach can be used to identify serum metabolites that are associated with coffee drinking. Although the replication of these results is needed, we provide evidence that some metabolites associated with coffee intake, particularly caffeinated coffee intake, are also inversely associated with colorectal cancer. Future epidemiologic studies that use untargeted metabolomics to understand mechanisms underlying diet-disease associations are warranted.
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